Environmental problems are becoming more serious day by day. Some of the problems, such as discharging of poisonous gases by incineration and decreasing landfills, may be caused by petro-chemical plastic wastes. In addition, petroleum resources are finite. Based upon these issues, biodegradable plastics made from renewable resources have been awaited.
1 Food Research Center, Aichi Industrial Technology Institute (2-1-1, Shinpukuji-cho , Nishi-ku, Nagoya 451-0083, Japan) 2Aichi Institute of Technology (1247 , Yachigusa, Yakusa-cho, Toyota, Aichi 470-0392, Japan) 3Aichi Gakusen University (28 , Kamikawanari, Hegoshi-cho, Okazaki, Aichi 444-8520, Japan) Environmental problems are becoming more serious day by day. Some of the problems, such as discharging of poisonous gases by incineration and decreasing landfills, may be caused by petro-chemical plastic wastes. In addition, petroleum resources are finite. Based upon these issues, biodegradable plastics made from renewable resources have been awaited.
Starch is one of the potential biodegradable plastic materials because it is renewable, degradable and cheap. Moreover, starch is readily expandable by extrusion cooking. Therefore, starch-based loose-fill packaging foams have been developed.1) Some of them are commercially available but have low water resistance. Lin et a1.2) reported that mechanical properties of the 70% amylose extrudate were changed under various water activity conditions. That is, physicochemical properties of the foams may change with changing atmospheric conditions. Furthermore, low water resistance of the starch-based plastics limits their use. To improve water resistance, petrochemical plastic materials have been blended with starch.3-6) Anxiety, however, still remains because the fractions of petro-chemical materials are not degradable. Therefore, extrusions of starch with biodegradable materials have been tried.7-9) We reported that shellac (natural resin secreted by lac bugs) decreased the water solubility of cornstarch extrudates significantly and that cornstarchshellac extrudates were not suitable for loose-fill packaging foam applications because they were too hard.10)
The problem of starch-biodegradable plastic loose-fill is cost because biodegradable materials are still expensive.
There is a need for substances which can yield highperformance products when blended with only small amounts of biodegradable material.
Poly (lactic acid) (PLA) is made from carbohydrates of renewable resources such as corn and potato. Also, PLA has been used in medical fields as bioabsorbable suture materials, internal devices for bone fracture and so on, so that its safety has been proved. Furthermore, the price will fall soon because Cargill-Dow LLC plans to produce 300 million pounds annually in the near future.
Starch expanded products by extrusion depend on starch gelatinizaiton and the starch melt at the die.11,12) Therefore, barrel temperature and starch moisture content are very important factors. PLA was selected to be blended with other resins for improvement of water resistance for the reason described above.
In this study, effects of these three variables, barrel temperature, moisture content and PLA content, on the expansion and water solubility of the starch-PLA extrudates were investigated using response surface methodology, and then the conditions of barrel temperature, moisture content and PLA content for starch-PLA extrudates with higher expansion and lower water solubility were predicted. The extrudates were also conveniently evaluated for their biodegradability.
MATERIAL AND METHOD
Materials.
Normal commercial cornstarch (12.7% moisture content) was purchased from Japan Cornstarch Co., Ltd. Commercial crystalline L-poly (lactic acid) (Lacty #9000) of MW 140,000-160,000 containing 2-6% D-lactide was purchased from Shimazdu Co., Ltd. Corn-J. Appl. Glvcosci., Vol. 50, No. 1 (2003) coefficients were selected as those having the highest adjusted r2. The results are shown in Table 2 .
Expansion ratio and bulk density. Expansion ratio of the cornstarch-PLA extrudates ranged from 4.27 to 25.0 (Table 1) . Analysis of variance (F-test) showed that the second order model was well adjusted to the experimental data (p<0.01). The adjusted coefficient of determination (r ad) implies that the fitted model could explain 96.3% of the behavior variation. Figure 3 shows the three-dimensional surface representations, which were generated by the predictive model for the influence of each factor on the surrounding regions. An increase in temperature decreased the expansion ratio markedly at low moisture content (around 12%) (Fig. 3A and D or C). In contrast, the expansion ratio under high moisture content (around 16%) was not much influenced by barrel temperature (Fig. 3D) . About 20% of PLA content showed higher expansion ratio under each barrel temperature and moisture contents (Fig. 3A to D) . Expansion ratio and bulk density are generally inversely related. However, expanded extrudates consist of a lot of cells, therefore, thickness of the cell wall may change bulk density. In addition, bulk density information may be useful in evaluating the shipping cost. The model for bulk density of the extrudates also had a good correlation (rad=0.958, p<0.01) ( Table 2 ). The trend was inverse compared to the expansion ratio (Fig. 4) . The correlation between the expansion ratio and the bulk density was -0.652 (p<0.001). However, as shown in Fig. 4 , the bulk densities of the extrudates were mainly affected by PLA contents. Bhatnagar and Hanna 141 reported that the 40% PLA in the mixture of starch and PLA with 5% talc gave the best foam product. Fang and Hanna9) also reported that the formulation containing waxy starch, 40% PLA, and 19% moisture content produced loose-fill of the best physical characteristics and Water solubility. Physical properties of starch-expanded extrudates were changed with water contents of the material, because starch has low water resistance. Many reports3-6) showed blending of other resins such as poly methylmethacrylate and polystyrene improved water resistance of starch based plastics. Therefore, PLA also was expected to improve the water resistance of starch extrudates.
Water solubility had a good correlation (read=0.997, p <0.01)(Table 2), too. As shown in Fig. 5 , water solubility of the extrudates without PLA was about 80%. An addition of about 20% of PLA decreased water solubility to about one-fourth. Thus, PLA contents affected water solubility significantly, but barrel temperature and moisture content did not. Fang and Hanna9) reported that the water solubility index of the PLA-starch extrudates was not affected by PLA content between 10 and 45%. In our results, the changes of the water solubility between 15 and 30% PLA content were slight compared to that between 0 to 15%. Overall, improvement of water solubility of starch extrudates may require over 20% PLA content.
The conditions for maximum or minimum value of expanded extrudate. Loose-fill packaging foam may call for higher expansion and water resistance, because the former can result in high yield, while the latter is not influenced by humidity.
As each property was attained significant second order Biodegradability. Evaluations of biodegradability recommended by ISO (14851, 14852, 14855) require special equipment. Our method was simple and fully acceptable for observation of the trend, although it may not evaluate biodegradability rigorously. Figure 6 shows the results. Some extrudates showed negative values of biodegradability in the early period of the testing. This may due to the swelling of the extrudates in high humidity. After two weeks, the extrudates without PLA (circle) degraded faster than those with 15% (triangle) and 30% (square) of PLA. That trend continued for up to 14 weeks, the biodegradability of the extrudates decreased with increasing PLA content. PLA requires one year for degradation in soil or water.16) This implies biodegradability of the extrudates depends on the biodegradability of PLA. Although the biodegradability of the extrudates containing PLA decreased compared to those without PLA, the trends of the biodegradability of the extrudates containing PLA still increased. This method was useful for the relative difference of the biodegradability rate, but the conditions such as temperature and/or humidity will be investigated further for short period evaluation . 
